Purpose: Whole-brain high-resolution quantitative imaging is extremely encoding intensive, and its rapid and robust acquisition remains a challenge. Here we present a 3D MR fingerprinting (MRF) acquisition with a hybrid sliding-window (SW) and GRAPPA reconstruction strategy to obtain high-resolution T 1 , T 2 and proton density (PD) maps with whole brain coverage in a clinically feasible timeframe. Methods: 3D MRF data were acquired using a highly under-sampled stack-of-spirals trajectory with a steady-state precession (FISP) sequence. For data reconstruction, k x -k y under-sampling was mitigated using SW combination along the temporal axis. Non-uniform fast Fourier transform (NUFFT) was then applied to create Cartesian k-space data that are fully-sampled in the in-plane direction, and Cartesian GRAPPA was performed to resolve k z undersampling to create an alias-free SW dataset. T 1 , T 2 and PD maps were then obtained using dictionary matching. Results: Phantom study demonstrated that the proposed 3D-MRF acquisition/reconstruction method is able to produce quantitative maps that are consistent with conventional quantification techniques. Retrospectively under-sampled in vivo acquisition revealed that SW þ GRAPPA substantially improves quantification accuracy over the current state-of-the-art accelerated 3D MRF. Prospectively under-sampled in vivo study showed that whole brain T 1 , T 2 and PD maps with 1 mm 3 resolution could be obtained in 7.5 min.
Introduction
Quantitative imaging facilitates quantification of the biochemical and biophysical properties of tissues such as T 1 , T 2 and proton density (PD), which have been demonstrated to be sensitive biomarkers for detecting diseases such as multiple sclerosis, epilepsy and cancer (Barbosa et al., 1994; Eis et al., 1995; Martin et al., 2015) . However, due to the prohibitively long acquisition time of conventional quantitative imaging methods (e.g., multi-TI inversion-recovery for T 1 mapping and multi-TE spin echo for T 2 mapping) (Deoni, 2011) , these quantification methods are rarely applied in clinical environments. A number of rapid quantitative imaging methods (Deoni et al., 2005; Dregely et al., 2016) are now available, but their reproducibility needs to be improved.
MR fingerprinting (MRF) (Ma et al., 2013 ) is a novel acquisition and reconstruction strategy that has shown great potential to simultaneously and efficiently obtain multiple parameter maps including T 1 , T 2 and PD. A typical MRF procedure includes the following components: (i) a highly under-sampled dataset acquired with randomized TRs and Flip Angles (FAs) that create temporal and spatial incoherence, (ii) a dictionary containing the signal evolution of relevant T 1 and T 2 values obtained from extended phase graphs (EPG) (Weigel, 2015) or Bloch equation simulations (Ma et al., 2013) , and (iii) a dictionary matching process where parameter maps are generated by a pixel-wise template matching between the acquired data and the dictionary.
Since the reconstructed image at each time point in MRF is heavily aliased, the use of a large number of time points (tps) is still needed to achieve robust quantification. This can result in relatively long acquisition time, particularly for 3D volumetric imaging. Recent studies that utilized sliding-window (SW) reconstruction , and sparse and/or low-rank models (Assl€ ander et al., 2017; Davies et al., 2014; Liao et al., 2016; Mazor et al., 2016; Zhao et al., 2017 Zhao et al., , 2016 can mitigate this aliasing issue, and accelerate 2D MRF acquisition by reducing the number of acquisition time points. On the other hand, applications of Simultaneous Multi-Slice (SMS) to MRF (Jiang et al., 2016; Ye et al., 2016a Ye et al., , 2016b have also improved the time-efficiency of MRF by simultaneously encoding multiple slices and accelerate the data acquisition process.
A challenge that emerges as the encoding efficiency of MRF improves and the target imaging resolution increases is the limited signal-to-noise ratio (SNR) for high resolution imaging with small voxels. Recent studies (Buonincontri and Sawiak, 2016; Ma et al., 2016b) demonstrated that 3D MRF acquisitions enjoy large SNR efficiency benefit over their 2D MRF counterparts, and could help achieve high SNR at high resolutions. However, high resolution imaging with whole-brain coverage can lead to lengthy scans which effects motion sensitivity of 3D MRF. Unlike 2D MRF, where data for each imaging slice are acquired sequentially each over a short time frame, 3D MRF acquires data for all imaging slices together over the whole acquisition period. This improves SNR efficiency but also increases motion sensitivity. To mitigate the lengthy scans at high resolutions, a recent 3D MRF work utilizes highly under-sampled stack-of-spirals acquisition that combines highly under-sampled variable density spiral with 3 Â through-partition acceleration that uniformly under-samples the partitions in an interleaved fashion. This acquisition creates a dataset with incoherent aliasing across the temporal and all spatial dimensions, which can then be reconstructed using standard gridding and dictionary matching approach. Such accelerated acquisition has resulted in a 2.6-min scan time for 1.2 Â 1.2 Â 5 mm 3 resolution parameter mapping with 12 cm slice coverage. In this work, we propose an approach to further accelerate 3D stackof-spiral MRF using a hybrid SW and 3D GRAPPA reconstruction. Here, SW and gridding are used to remove in-plane aliasing and create a Cartesian dataset that is fully sampled in-plane. This then allows a direct application of parallel imaging through Cartesian GRAPPA (Griswold et al., 2002) , to resolve k z under-sampling and create an alias-free SW dataset for the dictionary matching process. We demonstrated that such approach can enable a 3-fold acceleration in the partition direction while reducing the number of required TRs for pattern matching by 3.6-fold (using 420 instead of 1500 TRs as in ). Our phantom study demonstrated that the results obtained by the SW þ GRAPPA approach are in a good agreement with conventional quantitative methods. The utility of the proposed method is then demonstrated in vivo by both retrospective and prospective under-sampling of stack-of-spirals 3D MRF acquisitions. This allows whole-brain parameter mapping at 1 mm isotropic resolution with a whole brain coverage (260 Â 260 Â 192 mm 3 ) in 7.5 min.
Methods

Pulse sequence development
3D slab-selective fast imaging with steady-state precession (FISP) sequence Ma et al., 2016b ) and stack-of-spirals acquisition (Thedens et al., 1999) was implemented for MRF. Fig. 1(a) shows the diagram of this partition-by-partition sampled 3D FISP pulse sequence. For each partition, the sequence can be separated into 2 compartments: i) a 5 s FISP acquisition with variable TRs and FA, and ii) a 2 s wait time for signal recovery, which is also being used to efficiently acquire low-flip-angle training data for GRAPPA reconstruction. The total acquisition time for each partition is 7 s. Before acquiring 3D MRF data, a 7-s dummy scan (5-s MRF plus 2-s wait time) was employed to achieve steady-state longitudinal magnetization.
For FISP-MRF acquisition in each partition, a total of 420 time-points were acquired, with the number of time-points chosen based on our previous SW 2D MRF work . The TRs of the acquisition varied between 12 and 13 ms with a Perlin noise pattern, and the FAs varied sinusoidally from 5 to 80 , as shown in Fig. 1(b) and (c). TE was fixed to 2.7 ms for all time-points. Variable density spiral (VDS) k-space sampling trajectory (Kim et al., 2003) , which consisted of 30 interleaves with zero-moment nulling, was utilized for acquisition ( Fig. 1 (d) ). Interleaves were rotated by 12 for each TR to create full-sampling for every 30 TRs. In each TR, a pair of encoding and rewinder gradients was utilized for slice-encoding at each partition, and a constant dephasing gradient was used to provide a constant phase shift required for the FISP acquisition. Partition-segmented GRAPPA training data acquisitions were embedded into the sequence during the 2-s waiting periods. To fullysample k-space for each kz partition of the training data, 30 spiral interleaves were acquired across a 0.3-s time-period at the end of each MRF partition acquisition using a constant TR of 10 ms and a FA of 5 . Since the 3D MRF acquisition is Rz-fold under-sampled, which indicates that every Rz partition is sampled along the slab dimension, the fully-sampled GRAPPA training data are acquired at Rz-fold lower partition resolution to maintain uniform full Δkz sampling. Subsequent to the GRAPPA training acquisition, a spoiler gradient was applied to eliminate the residual transverse magnetization, and the remaining 1.7 of the 2 s wait period was used for T 1 recovery prior to the next MRF partition acquisition, to improve SNR.
Sliding-window reconstruction
The SW approach ) with a window width of 30 frames was applied along the temporal dimension in each partition of the under-sampled MRF data, as shown in Fig. 2(a) . The window width of 30 can fully cover the k-space so that after SW combination and the application of non-uniform fast Fourier transform (NUFFT) (Fessler, 2007) , the images are fully sampled in-plane, and the remaining aliasing is only from the under-sampling along kz. Fig. 2(a) shows the aliased 3D images after SW processing. This combined data can then be Fourier transformed to 3D Cartesian k-space, to allow kz under-sampling to be resolved using conventional Cartesian parallel imaging methods.
3D GRAPPA reconstruction
We utilized GRAPPA reconstruction (Griswold et al., 2002) to eliminate the aliasing along z. As shown in Fig. 2(b) , both kx and ky are fully-sampled (red points) and the missing points (white) are along kz. To reconstruct the missing points, a 3D GRAPPA kernel was used, which has been shown to provide improved reconstruction over the conventional 2D approach (Blaimer et al., 2006) . The flow chart of 3D GRAPPA reconstruction is shown in Fig. 2(b) , which includes following steps:
(i) Coil compression to accelerate GRAPPA reconstruction.
Geometric-decomposition coil compression (Zhang et al., 2013) was used to compress the acquired 32-channel head coil data to 12 virtual channels to achieve (32/12) 2 ¼ 7.1 Â faster reconstruction. (ii) GRAPPA kernels estimation from the center fully-sampled k-space region of the training data. A 3D kernel size of 3 Â 3 Â 3 was used. (iii) GRAPPA reconstruction for all time-points of SW combined MRF data. Here, image-domain GRAPPA (Breuer et al., 2009; Fig. 2 . Hybrid of sliding-window and 3D GRAPPA reconstruction strategy. (a) sliding-window reconstruction was used for every partition of under-sampled MRF data, and transformed to Cartesian k-space after geometry coil compression. (b) 3D GRAPPA reconstruction. The acquired training data were utilized for coil sensitivity and 3D GRAPPA kernel estimations. Then the trained GRAPPA weights were applied on under-sampled Cartesian k-space and the sensitivity maps were used for coil combination. (c) The final T 1 , T 2 and PD maps were obtained by sliding-windowed dictionary recognition from aliasing-free volumes. Wang et al., 2005) was implemented to accelerate the reconstruction. (iv) Coil sensitivity estimation and coil combination: 3D coil sensitivity profiles were estimated from the GRAPPA training data using ESPIRiT (Uecker et al., 2015 (Uecker et al., , 2014 , and were used for coil combination.
Dictionary generation and pattern recognition
The dictionary was generated by extended phase graph (EPG) method (Weigel, 2015) using variable TRs and FAs as shown in Fig. 1(b) and (c). The effect of the low-flip-angle GRAPPA training acquisitions and the T 1 recovery during the waiting period between each partition were also included in the dictionary generation process. The initial longitudinal magnetization is at a fully relaxed state (M z ¼ 1) prior to the first 5-s MRF acquisition and 2-s recovery period, after which it will be in a partial recovery state (M z ¼ M z_ss , with M xy ¼ 0). In subsequent periods right after the 5-s MRF plus 2-s recovery, the magnetization will also be in this same state (M z ¼ M z_ss , with M xy ¼ 0), analogous to what would happen in a standard inversion recovery gradient-echo acquisition. Therefore, for given T 1 and T 2 values, we perform two EPG simulations to generate the dictionary. On the first simulation, we set the initial longitudinal magnetization to 1 and calculate the value of the partially recovered longitudinal magnetization (M z_ss ). On the second simulation, we use M z_ss as the initial starting magnetization to generate the final dictionary. Correspondingly, in our acquisition, we employ a 7-s dummy scan (5-s MRF plus 2-s wait time) to achieve steady-state longitudinal magnetization before acquiring our MRF data.
T 1 and T 2 values ranged from 0 to 5000 ms and 0-4000 ms were sampled using 160 and 196 points respectively, with values finely sampled at 20 ms intervals of T 1 and 2 ms intervals of T 2 around the expected T 1 and T 2 values of white-matter and gray-matter (T 1 ¼ [20:20:3000, 3200:200:5000] ms and T 2 ¼ [10:2:140, 145:5:300, 310:12:1000, 1050:50:2000, 2100:100:4000] ms). Since the reconstructed images underwent SW processing with a window width of 30, the dictionary was temporally averaged accordingly as per . The SW þ GRAPPA reconstructed 3D volumes were then normalized and pattern matched voxel-wise to the corresponding dictionary using the maximum inner product method (Fig. 2(c) ) to obtain T 1 and T 2 maps. For 3D MRF, the PD was first reconstructed slice by slice without normalization and then scaled within the whole volume to be in the range [0, 1].
Phantom validation
The 3D stack-of-spirals MRF sequence was validated using an 8-tube phantom with different concentrations of agar and GdCl 3 solutions. Sequence parameters were a slab acceleration factor of 3, 420 time points and 1 mm isotropic resolution. The FOV was 260 Â 260 Â 192 mm 3 and the acquisition time was 7.5 min. For quantitative comparison, T 1 and T 2 maps were obtained with the same resolution by multi-TI inversion-recovery spin echo (IR-SE) and spin echo (SE) sequences (one refocusing pulse) with different TE's respectively. In the IR-SE based T 1 mapping, TR/TE ¼ 6000/20 ms and nine TIs ¼ 100, 200, 400, 600, 800, 1000, 1200, 1400, 2000 ms were used. For T 2 mapping, the data were acquired with multi-TE SE sequence using the following parameters: TR ¼ 1000 ms, and seven TEs ¼ 25, 50, 75, 100, 125, 150, 200 ms. The imaging matrices used for both IR-SE and SE were 256 Â 256. Both T 1 and T 2 values of the phantom were then fitted by solving the nonlinear least-square methods (Barral et al., 2010; Deoni, 2011) , and the total acquisition time of conventional quantification methods was~1.2 h.
Retrospectively under-sampled in vivo acquisition
To characterize the performance of our acquisition/reconstruction approach, fully-sampled whole-brain stack-of-spirals MRF datasets were acquired and retrospectively under-sampled. Imaging parameters for these acquisitions were chosen so that each can be performed in~15 min to minimize the potential for motion corruption (even in a highly cooperative test subject). Retrospective under-sampling and reconstruction were performed using both the proposed approach and the interleaved partition under-sampling strategy in . The quantitative maps obtained from these approaches were then compared with ones obtained from the fully-sampled case using standard gridding and dictionary matching. Root mean squared error (RMSE) was utilized to quantify the deviation between the reconstructed maps I rec and fully sampled maps I fs , which is calculated by:
Firstly, 3D MRF data were acquired at 1.0 Â 1.0 Â 4.0 mm 3 resolution and 40 transverse partitions. 20% slice-oversampling was used to avoid slab boundary issue and provide better partition profile, which is important for accurate quantitative mapping with MRF . With the slab-oversampling, a total of 48 partitions were encoded, with 1200 time points per partition (16 s for MRF acquisition and 2 s for waiting) and a total acquisition time of 14.4 min. With a relatively low partition resolution of 4 mm, Kaiser window with β parameter of 3 was applied along kz before coil combination to mitigate Gibbs ringing (Bernstein et al., 2004) . These data were then retrospectively under-sampled in both partition axis and time points. With the SW þ GRAPPA method, 420 out of the 1200 acquired time points were used along with a partition acceleration of 3. To compare the proposed SW þ GRAPPA method with the current state-of-the-art approach, the interleaved partition under-sampling strategy in was implemented with the same partition acceleration factor of 3 and with two different scenarios of the number of time points used, at 1200 and 420. Our 3D-MRF was also compared with conventional methods (IR-SE for T 1 maps and SE for T 2 maps) in vivo. In the IR-SE based T 1 mapping, TR/TE ¼ 6000/20 ms and nine TIs ¼ 100, 200, 400, 600, 800, 1000, 1200, 1400, 2000 ms were used. For T 2 mapping, the data were acquired using a single-echo SE sequence with seven TEs ¼ 25, 50, 75, 100, 125, 150, 200 ms. The matrix size was 256 Â 256, slice thickness was 4 mm, and the in-plane resolution was 1.0 mm. For our 3D-MRF acquisition, the accelerated data were acquired with 1.0 Â 1.0 Â 4.0 mm 3 resolution and 48 slices. Secondly, 3D MRF data were acquired at a higher partition resolution of 2 mm and 1.3 Â 1.3 mm 2 in-plane. A total of 96 partitions with 600 time points per partition were acquired to cover the whole brain in 16 min, with FOV ¼ 260 Â 260 Â 192 mm 3 and sagittal slice direction (no slab over-sampling required). Here only 600 time points per partition were acquired to limit the total acquisition time and its corresponding motion issue. For SW þ GRAPPA reconstruction, the first 420 out of 600 time points were utilized along with a total of 32 partition encodings at 3-fold partition acceleration. The center region of acquired training data was utilized for GRAPPA kernel estimation. The interleaved undersampling strategy was also implemented with the same slab acceleration factor of 3 and 420 time points. Using the second dataset, a representative g-factor map of the GRAPPA reconstruction was also calculated from the reconstruction weights (Breuer et al., 2009 ).
Prospectively under-sampled in vivo acquisition
To push the resolution of 3D MRF further, a protocol with prospectively under-sampled (Rz ¼ 3) 1 mm isotropic data and whole brain coverage was used with 420 time points per partition. Acquisition was performed sagittally with a FOV of 260 Â 260 Â 192 mm 3 and a scan time of 7.5 min (The acquisition for full partition-sampled dataset at 1200 time points would have taken~1 h). Three subjects were scanned with 1 mm isotropic resolution.
All phantom and in vivo measurements were performed on a Siemens Prisma 3T scanner with a 32-channel head coil, and all reconstruction algorithms were implemented in MATLAB R2014a (The MathWorks, Inc., Natick, MA). Fig. 3(a) shows high-resolution (1 mm isotropic) T 1 , T 2 and PD maps from the phantom acquisition using conventional quantitative imaging and the proposed accelerated 3D MRF method. Fig. 3(b) shows the quantitative comparisons conducted between T 1 and T 2 values of phantom obtained from 3D MRF acquisition and from the conventional methods. It can be seen that T 1 and T 2 values obtained by the proposed 3D MRF method are consistent with the conventional quantification method with minimal bias.
Results
For in vivo study, Fig. 4 shows two representative slices of the reconstructed T 1 , T 2 and PD maps from 1.0 Â 1.0 Â 4.0 mm 3 acquisition obtained by (a) fully sampled data (Rz ¼ 1, 1200 time points), (b) interleaved strategy with Rz ¼ 3, 1200 time points, (c) interleaved strategy with Rz ¼ 3, 420 time points, and (d) SW þ GRAPPA with Rz ¼ 3, 420 time points. From the calculated RMSE, when 1200 time points per partition were used in the interleaved strategy, reasonable reconstruction was achieved (Fig. 4(b) ) with RMSEs less than 10%. However, when the number of time-points used in the interleaved strategy decreases to 420, significant increases in RMSE can be observed, especially for the PD maps. The blue arrows in Fig. 4 indicate that while the T 2 maps obtained by the interleaved strategy contain residual aliasing, the results from the SW þ GRAPPA method are consistent with fully sampled data. Furthermore, the RMSE results of T 1 , T2 and PD maps shown in Fig. 4 demonstrate that SW þ GRAPPA method has better reconstruction performance with reduction of RMSE than interleaved strategy with Rz ¼ 3 from both 1200 and 420 time points. The in vivo comparison between 3D MRF and conventional quantitative acquisitions are shown in Fig. 5 . There were minor slice mismatches between conventional methods and MRF data due to small motion during the lengthy acquisition (~1.5 h) which were hard to avoid for such in vivo study. The CSF was also masked out in our results below because of the inaccuracy in the T 1 and T 2 estimates obtained through conventional methods from limited TR and TE ranges used in our protocols (chosen to keep the scan time manageable). In Fig. 5(a) it can be seen that T 1 and T 2 values obtained by the proposed 3D MRF method are consistent with the conventional quantification methods. Fig. 5(b) reports T 1 and T 2 values from five representative ROIs (black, green, blue, yellow and gray boxes shown in Fig. 5(a) ) obtained by conventional methods and 3D MRF, where the estimated values are shown to be in good agreement.
The T 1 , T 2 and PD maps obtained from (a) fully sampled MRF data with resolution of 1.3 Â 1.3 Â 2.0 mm 3 , (b) interleaved under-sampling strategy (Rz ¼ 3, 420 time points) and (c) the proposed SW þ GRAPPA (Rz ¼ 3, 420 time points) are displayed in Fig. 6 . For T 1 maps, both interleaved under-sampling and the proposed method generated results that are in a good agreement with the fully sampled data, while for T 2 map, the proposed method has better consistency when compared to the interleaved under-sampling strategy. The zoomed-in views indicated by green and blue boxes in Fig. 6 illustrate that the interleaved undersampling strategy at reduced time points of 420 can result in an underestimation of T 2 values and residual aliasing. The RMSE of T 1 , T 2 and PD maps shown in Fig. 6 also demonstrates that the proposed SW þ GRAPPA reconstruction has much reduced error than the interleaved undersampling strategy (5.48% versus 8.85% for T 1 maps, 7.45% versus 17.70% for T 2 maps and 0.87% versus 5.22% for PD maps).
The reconstruction of SW combined data with resolution of 1.3 Â 1.3 Â 2.0 mm 3 are displayed in Fig. 7 . Fig. 7 C. Liao et al. NeuroImage 162 (2017) 13-22 aliasing in the partition direction, with the RMSE of the reconstructed images at 6.13% when compared with the fully sampled images. Note that minor residual in-plane aliasing/ringing is present in all images (a,b,d) due to the data from the spiral interleaves not being acquired in steady-state at the same signal level. Such residual aliasing should be effectively removed by the dictionary matching process of MRF. Fig. 7(e) shows the three views of 1/g-factor maps of the proposed 3D GRAPPA reconstruction. The maximum g-factor G max is 2.51, and the average gfactor value G avg is 1.49. Three orthogonal views of the quantitative maps of three subjects obtained from 1 mm isotropic resolution accelerated MRF acquisition (Rz ¼ 3, 420 time points) with SW þ GRAPPA reconstruction are shown in Fig. 8 . With the SW þ GRAPPA approach, high quality tissue parameter maps were obtained at the high resolution with a 7.5-min acquisition. However, with such a short acquisition for high isotropic resolution quantitative imaging, SNR can be a limiting factor as indicated by the presence of some noise in the quantitative maps. Fig. 9 shows the reformatted quantitative maps of Subject 3 at 1 Â 1 mm 2 in-plane and 3 mm slice resolution in the same three orthogonal views. Here, the reformatting helps boost SNR and mitigates the noise corruption, allowing for the generation of high quality maps at high in-plane resolution in multiple viewing planes.
Discussion
In this work, accelerated stack-of-spirals 3D MRF acquisition with SW þ GRAPPA reconstruction was proposed for fast high-resolution multi-parameter mapping. The temporal dimension of the acquired data was combined by SW to mitigate the in-plane aliasing and allow for a straight-forward application of Cartesian 3D GRAPPA to eliminate partition aliasing. Phantom validation results demonstrate high consistency between the proposed method and conventional quantification techniques. The results of the in vivo studies indicate that the proposed method has the potential to provide high-resolution whole brain imaging within a clinically feasible timeframe.
A major advantage of 3D over 2D acquisition is the increased SNR efficiency (Bernstein et al., 2004) , which allows higher resolution imaging with more accurate quantification. The SNR benefit of our 3D MRF acquisition when compared with its 2D counterpart at same resolution can be calculated as:
where Nz is the number of partitions, Rz is the slice acceleration factor, g is the g-factor noise amplification, and S 3D and S 2D are the initial signal intensity at the beginning of each partition/slice encoding period. The factor ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi T acq =T total p accounts for the waiting period in the 3D acquisition, during which data are not acquired. Accordingly, T acq denotes the data acquisition window (5 s) and T total represents the entire scan duration per kz partition (T total ¼ T acq þ T wait ¼ 5 þ 2 ¼ 7 s). This factor aims to account for the added wait time, which is not present in the 2D acquisition. For 1 mm isotropic acquisition in this work, Nz ¼ 192, Rz ¼ 3, g ¼ 1.49, which is the calculated average g-factor. If we assume S 2D is 1.00 since the initial longitude magnetizations of 2D acquisition is fully relaxed (assuming a long enough slice interleaving acquisition period between adjacent slices), and S 3D is 0.94 after a 5-s MRF acquisition and a 2-s waiting time of the previous partition acquisition which includes the lowflip-angle training data acquisition (value calculated using EPG simulation and a representative brain tissue with T 1 of 1000 ms and T 2 of 60 ms). Based on these numbers, the SNR benefit of our 1 mm isotropic 3D MRF compares with 2D MRF acquisition is significant at~4.27 fold (or equal to~18 averages of 2D acquisition). The proposed SW þ GRAPPA reconstruction allowed both in-plane and through-plane accelerations by reducing the numbers of time points and partition-encoding steps to dramatically shorten the total acquisition time. Moreover, the acquisition of the GRAPPA training data has been efficiently incorporated at the end of each partition encoding, which does not require additional scan time. This scheme also overcomes the potential issue of motion between the training data and the undersampled MRF data, which provides improved reconstruction robustness.
With the proposed accelerated acquisition/reconstruction approach, quantitative MRF maps at 1 mm isotropic resolution can be obtained in 7.5 min, but would also be of limited SNR due to the inherent limited noise averaging window of the acquisition. A natural avenue to help boost SNR would be to acquire data at higher field strength, such as at 7T, where the B1þ inhomogeneity issue of ultra high-field would also present both a challenge and an opportunity to MRF encoding (Buonincontri et al., 2017; Cloos et al., 2016; Gao et al., 2015) .
In this work, 3D GRAPPA is utilized to achieve better reconstruction performance and reduced g-factor penalty. This however comes at the cost of increased reconstruction time, especially for high-resolution MRF data with large number of time points. For example, the reconstruction time of the 1 mm isotropic data with 32 channels and 420 time points is more than 5 days using MATLAB on a standard Linux server (CentOS with 16 Intel Xeon E5-2698 CPU @2.3 GHz). In this work geometric coil compression (Zhang et al., 2013) , image-domain GRAPPA (Breuer et al., 2009; Wang et al., 2005) and MATLAB parallel computing toolbox were utilized to accelerate the reconstruction, to achieve a computation time of~20 h. The reconstruction time can be further shortened through the use of GPU compatible platforms or direct virtual coil reconstruction (Beatty et al., 2008) .
The existing accelerated 3D stack-of-spirals MRF strategy utilizes an interleaved uniform partition under-sampling to create a spatio-temporal incoherent aliasing along z . In contrast to this, our proposed method employs a constant uniform under-sampling along kz to enable in-plane SW reconstruction in each partition. This allows a simple parallel imaging reconstruction to cleanly resolve the aliasing in the partition direction and reduce the number of time points needed for accurate dictionary matching. The results in Figs. 4 and 5 demonstrate that the proposed method obtained more robust and accurate results than the interleaved strategy, even when 1200 time points were used for the interleaved strategy.
The formation of Cartesian k-space after the SW application obviates the need for complex non-Cartesian parallel imaging reconstruction for partition unaliasing. Without Cartesian k-space, approaches such as direct-spiral slice-GRAPPA (Seiberlich et al., 2007; Ye et al., 2016a) , which can operate on highly under-sampled non-Cartesian spiral data, would have to be used. Such an approach would require the estimation of a large number of GRAPPA kernels and hence a larger training dataset, as well as more complicated training/reconstruction process. Nonetheless, the benefit of such direct approach could be to enable reconstruction of more complex trajectories that more uniformly distributes the undersampling in both slice and in-plane directions (Deng et al., 2016) . This could in turn allow for higher accelerations to be achieved at low g-factors. Such an accelerated dataset could be created by applying SW to the accelerated interleaved partition under-sampling acquisition strategy. A future research direction will be in exploring such approach, to help achieve even faster 3D MRF.
One of the limitations of SW þ GRAPPA is the trade-off between temporal sensitivity and image quality. While the combination of multiple interleaves can improve the SNR and eliminate in-plane aliasing, SW reduces temporal sensitivity by smoothing the signal curves of both acquired data and dictionary entries. Our previous study demonstrated that when the number of time points is in the range of 300-500, the temporal sensitivity loss for normal brain tissues is between 3% and 5% for a window width of 30. This was found to be acceptable since the resulting reduction in the dictionary sensitivity is smaller than the gap between discrete entries of a typical dictionary. The noise and aliasing reduction after SW combination can compensate the potential impact of small loss of temporary sensitivity. The generation and simulation of dictionary in this work was based on EPG formalism, which assumes a basic Bloch model containing a single uniform environment. Such a simplified dictionary may not reflect the complex bio-chemical environments in-vivo. Recent works have tried to utilize more complex models to estimate extra-/intra-cellular T 1 and chemical exchange in MRF studies (Hamilton et al., 2015; Huang et al., 2017; Zhou et al., 2017) .
In this work the FISP-MRF sequence was used for the acquisition, which was demonstrated to provide good T 1 and T 2 quantification in the presence of off-resonance variations . However, the accuracy of the estimated T 1 and T 2 values from the FISP-MRF sequence may still suffer from B 1 inhomogeneity. Recent study by Ma. et al. proposed a two-step B 1 correction for 2D MRF, which can be incorporated into our accelerated 3D-MRF. The incorporation of this technique along with its validation for 3D-MRF will be part of our future work.
Conclusion
We introduced a novel stack-of-spirals 3D MRF acquisition with hybrid SW þ GRAPPA reconstruction. Phantom and in vivo studies demonstrated that the proposed method enables high-resolution, accurate multi-parameter mapping in a reasonable timeframe. The proposed method has a great potential to be translated into clinical applications.
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